KOJAK encodes a cellulose synthase-like
protein required for root hair cell
morphogenesis in Arabidopsis
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The cell wall is an important determinant of plant cell form. Here we define a class of Arabidopsis root hair
mutants with defective cell walls. Plants homozygous for kojak (kjk) mutations initiate root hairs that
rupture at their tip soon after initiation. The KJK gene was isolated by positional cloning, and its identity was
confirmed by the molecular complementation of the Kjk~ phenotype and the sequence of three kjk mutant
alleles. KOJAK encodes a cellulose synthase-like protein, AtCSLD3. KOJAK/AtCSLD3 is the first member of
this subfamily of proteins to be shown to have a function in cell growth. Subcellular localization of the
KOJAK/AtCSLD3 protein using a GFP fusion shows that KOJAK/AtCSLD3 is located on the endoplasmic
reticulum, indicating that KOJAK/AtCSLD3 is required for the synthesis of a noncellulosic wall
polysaccharide. Consistent with the cell specific defect in the roots of kjk mutants, KOJAK/AtCSDL3 is
preferentially expressed in hair cells of the epidermis. The Kjk~ phenotype and the pattern of KOJAK/
AtCSLD3 expression suggest that this gene acts early in the process of root hair outgrowth. These results
suggest that KOJAK/AtCSLD3 is involved in the biosynthesis of B-glucan-containing polysaccharides that are

required during root hair elongation.
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Cell morphogenesis is the process by which postmitotic
cells attain their final form and is responsible for the
diversity of cell morphologies found in plants. Spatially
controlled and cell-specific cell wall deposition is a ma-
jor determinant of plant cell form. Few genes involved in
determining plant cell shape have been characterized at
the molecular level. It is clear the cytoskeleton is a major
determinant of cell shape (Mathur and Chua 2000), and
genetic analysis of the ZWICHEL (ZWI) gene has defined
a role for a class of kinesin-related proteins in the forma-
tion of the stellate trichome of the shoot epidermis of
Arabidopsis (Oppenheimer et al. 1997). The swollen cell
phenotype of plants homozygous for loss of function mu-
tations in the RADIAL SWELLING1 (RSW1) gene illus-
trates the role of cell wall cellulose in the establishment
and maintenance of cell shape (Arioli et al. 1998). Cel-
lulose, which is a major component of the cell wall, is
synthesized at the plasma membrane. Matrix polysac-
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charides that constitute the noncellulosic wall fraction,
such as xyloglucan and pectin, are synthesized in the
endomembrane system of the cell and are delivered to
the cell surface in Golgi-derived vesicles. Little is known
about the enzymes responsible for the biosynthesis of
wall polysaccharide components. None of the enzymes
associated with the synthesis of xyloglucan backbone,
xylan, or callose has yet been isolated. To understand the
molecular mechanism underpinning wall formation dur-
ing cell growth in plants, we have identified a set of root
hair mutants in Arabidopsis thaliana with defective cell
walls.

The Arabidopsis root hair has been used to genetically
dissect the process of cellular morphogenesis in plants.
Root hairs are tubular extensions that form on the outer
surface of specialized epidermal cells called trichoblasts
(Schiefelbein and Somerville 1990; Dolan et al. 1994).
Hairs play important roles in a diverse array of processes
including water and ion uptake and anchorage and are
the site of interaction with a range of symbiotic micro-
organisms. The first stage of root hair morphogenesis
involves a change in the polarity of cell growth leading to
the formation of a bulge at the distal end of the tricho-
blast. Bulge formation is accompanied by local cell wall
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thinning and a decrease in apoplastic pH that may be
required for the modification of cell wall polymers (Bibi-
kova et al. 1998). A polarized cytoplasm organizes in this
protrusion with the formation of a characteristic tip
growth morphology when the hair is 20-40 pm in length.
The tip is a site of localized cell wall synthesis through
an accumulation of secretory vesicles containing protein
and polysaccharide polymers. Once tip growth is estab-
lished, the hair continues to grow, generating a long tu-
bular-shaped cell. Physiological studies have shown that
a tip-focused calcium influx generates a cytosolic Ca*
gradient necessary for root hair growth (Schiefelbein et
al. 1992; Wymer et al. 1997). Growth ceases on vacuola-
tion of the hair tip.

The genetic analysis of root hair development has
identified several genes that are required for the initia-
tion and growth of the root hair. RHL1, RHL2, and RHL3
genes are active during the formation of a bulge early in
root hair growth. RHL1 encodes a nuclear protein of un-
known function that is required for the formation of the
polarized outgrowth (Schneider et al. 1998). RHD6 activ-
ity is necessary to localize the site of hair initiation in
the trichoblast. RHD6 acts through an auxin/ethylene
pathway, as the rhd6 mutant phenotype can be rescued
by the application of either auxin or ethylene (Masucci
and Schiefelbein 1994). RHDI1 strengthens the cell wall
in the vicinity of the bulge (Schiefelbein and Somerville
1990). RHD?2 is necessary for hair outgrowth, as plants
homozygous for recessive loss of function alleles stop
growing soon after the formation of a bulge (Schiefelbein
and Somerville 1990). Later-acting genes such as COW1
(Grierson et al. 1997), TIP1 (Ryan et al. 1998), and RHD3
(Galway et al. 1997), and RHD4 are active in the main-
tenance of hair elongation and polarity (Schiefelbein and
Somerville 1990). RHD3 encodes a protein with GTP-
binding motifs that may be involved in cell signaling
during hair formation, its precise role has not been char-
acterized (Wang et al. 1997). While genetic analysis has
defined a set of genes required for root hair morphogen-
esis, the molecular basis of hair outgrowth is still far
from being understood.

To identify genes required for cell wall biosynthesis
during cell growth, we screened our root hair mutant
collection for phenotypes that resemble root hairs
treated with an inhibitor of cellulose synthesis, 2,6-di-
chlorobenzonitrile (DCB; Delmer et al. 1987). DCB-
treated root hairs rupture at their tip because of the un-
coupling of cellulose biosynthesis and protoplast growth
(L. Dolan, unpubl). Here we report the identification of
an A. thaliana cellulose synthase-like protein, AtC-
SLD3, encoded by the KOJAK gene that is required for
the formation of the cell wall during root hair morpho-
genesis.

Results
Root hairs of kjk mutants rupture soon after initiation

Arabidopsis root hairs grown in the presence of the cel-
lulose synthesis inhibitor DCB (2,6-dichlorobenzoni-
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trile) rupture at their tips (data not shown). To identify
mutants with cell wall defects, we screened our collec-
tion of Arabidopsis root hair mutants for ruptured root
hair phenotypes. In this screen, one line (D4225) was
isolated from a Ds transposon-mutagenized Landsberg
erecta (Ler) population (Bancroft et al. 1992), and two
lines, E1025 and E1100, were isolated from an EMS-mu-
tagenized Columbia (Col) population. The progeny of
pairwise combinations of crosses between these mutants
had mutant phenotypes indicating that the mutations in
these lines are alleles of a single gene. This gene was
named KOJAK (KJK) because of the bald phenotype of
the mutant roots. Lines D4225, E1025, and E1100 were
designated kjk-1, kjk-2, and kjk-3, respectively. Back-
crosses of each of the kjk mutants to their respective
wild type produced F, plants with wild-type phenotypes.
The 3:1 segregation of Kjk* and Kjk~ plants in the F,
generation of these backcrosses indicated that the muta-
tions segregate as single recessive alleles. Linkage analy-
sis showed that the kjk-1 mutation was not caused by
the insertion of a Ds transposon. All F; plants derived
from the cross between plants homozygous for kjk and
plants homozygous for previously published mutations
in root hair growth (rhd1, rhd2, rhd3, rhd4, rhdé, tipl,
and cow1) had wild-type root hair phenotypes indicating
that kjk defines a new gene required for root hair growth.

Plants homozygous for any kjk allele formed no hairs
(Fig. 1), although deformed root hairs were occasionally
observed. During normal root hair development, the
trichoblast produced a small swelling (bulge) at the end
of the cell nearest the meristem, from which a tip grow-
ing hair emerged. kjk mutants produced the initial bulge
but failed to develop a root hair. Instead, the bulge con-
tinued to swell spherically until it burst eventually, re-

Figure 1. Plants homozygous for the kjk mutation do not form
root hairs. (A) Elongated root hairs are visible on the wild-type
(Ler ecotype) root. (B) Plants homozygous for the kjk-1 mutation
do not form root hairs. The characteristic bulges are visible in
the early differentiation zone. Scale bar, 100 um.



Figure 2. Root hairs swell and burst soon after initiation in
plants homozygous for the kjk mutation. (A-D) Cryo-Scanning
electron micrographs of roots of plants homozygous for the
kjk-1 mutation show that the outer wall of the trichoblast
swells (arrows) excessively (A). The bulge continues to swell
until it bursts (B), killing the trichoblasts (arrowheads) (C,D).
(E,F) Confocal images of the root homozygous for the kjk mu-
tation stained with propidium iodide, which stains the intercel-
lular spaces between living cells and the contents of dead cells
(E). Stripes of compressed dead trichoblasts between nonhair
epidermal cell files (F). Scale bars, 10 mm.

sulting in the extrusion of the protoplast through a frac-
ture in the wall (Fig. 2A-D). The rupture always formed
near the dome of the bulge. The dead cells were visual-
ized because of the staining of their cytoplasmic con-
stituents with propidium iodide, which is normally re-
stricted to the cell wall of living cells (Fig. 2E,F). Files of
stained cells indicated that every hair cell in the file
undergoes lysis (Fig. 2F). These files were located over
the anticlinal cell walls of underlying cortical cells (the
location in which hair cells normally develop), indicat-
ing that KJK played no role in the specification of root
epidermal cell identity. The gross morphology of the
shoot system of kjk mutants was indistinguishable from
wild type.

kjk is epistatic to cowl

To characterize the role of KJ/K in root hair morphogen-
esis, double mutants comprising kjk and other mutants
with defects in root hair elongation were constructed.
Double mutants were identified in the F, populations of
crosses between kjk and the respective root hair mutant
and verified by backcrossing to both parents (test cross;
Fig. 3). kjk and rhd?2 single mutants had identical phe-
notypes. The phenotype of the kjk rhd2 double mutant
was indistinguishable from either parent, indicating that

KOJAK is required for root hair morphogenesis

two genes may act at the same stage of development.
rhd6 mutants develop few hairs that originate in variable
positions along the trichoblast. In roots of seedlings ho-
mozygous for both kjk and rhd6, small bulges were pro-
duced in place of hairs as in the kjk mutant, but they
form in variable positions along the trichoblast as in the
rhdé6 single mutant. This additive phenotype indicates
that KJK activity is required for the growth of root hairs
in the rhd6 background (Fig. 3B-F). While the rhd1 mu-
tant produced root hairs with excessive bulges at the
base (Fig. 3C; Schiefelbein and Somerville 1990), the en-
tire outer cell wall of the kjk rhd1 trichoblast was swol-
len, and no root hairs were formed (Fig. 3G). tipI root
hairs were shorter and more branched than wild type,
whereas kjk tip1 double mutants developed short, thick-
ened root hairs (Fig. 3D-H). Hairs on rhd3 mutants were
wavy, and hairs on rhd4 plants formed bulges and con-
strictions along their length. kjk rhd3 double mutants
had very short, slightly wavy root hairs, and kjk rhd4 had
shortened root hairs with bulges and constrictions along
their length (data not shown). The double mutants with
rhd1, tip1, rhd3, and rhd4 had intermediate phenotypes
with characteristics of each single mutant, indicating
that KJK acts independent of these genes. Interestingly,
the cell-rupture phenotype of kjk mutants is suppressed
by tip1, rhdl, rhd3, and rhd4. cowl root hairs were
shorter and branch more often than wild type. kjk is
epistatic to cowl; that is, double mutant displayed a Kjk~
phenotype, indicating that these genes act in the same
pathway, perhaps with KJK acting earlier in hair growth.

Figure 3. Root phenotype of double mutants. (A) Root hairs of
the wild-type root. (B-E) Single mutant phenotypes and (F-H)
double mutant phenotypes. Roots of plants homozygous for
rhd6-1 (B) are largely hairless. Plants homozygous for the rhd1-1
mutation (C) produce hairs with excessive swellings at its base.
Trichoblasts of plants homozygous for tip1 (D) can produce up
to three short, branched root hairs. Characteristic bulges on the
root of a plant homozygous for the kjk-2 mutation (E). Those
hairs that form on roots of plants homozygous for both kjk-2
and rhdé are short (F). The entire outer cell wall of the tricho-
blast of a plant homozygous for both kjk-2 and rhd11 is swollen
(G), but trichoblasts neither rupture nor form a hair. Roots of
plants homozygous for both kjk-1 and tip1-2 (H) produce a few
abnormal root hairs.
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Molecular cloning of the KJK gene

The KJK gene was cloned using a map-based cloning
strategy. A segregating F, family was made from a cross
between plants homozygous for the kjk-1I mutation in
the Ler background and wild-type Col plants. kjk-1 was
initially mapped to the top of chromosome 3 between
SSLP markers nga32 and ngal72 (Bell and Ecker 1994)
using a population of 80 chromosomes (Fig. 4A). Analy-
sis of a further 200 chromosomes identified a single re-
combination event between ngal72 and kjk-1 whereas
no recombinants were identified between kjk-1 and
CAPS marker 17D8LE (Bartel and Fink 1995). Examina-
tion of BAC sequences in this region identified a gene
encoding a cellulose synthase-like (CSL) protein, AtC-
SLDA3. Using a CAPS marker in the AtCSLD3 gene (CSL,
see Material and Methods) that identified a polymor-
phism between Ler and Col, we found no recombinants
between CSL and kjk-1 in the population of 220 chro-
mosomes.

To show that AtCSLD3 encodes the gene that is de-
fective in the kjk-1 mutant, we transformed plants ho-
mozygous for the kjk-1 mutation with a 7.2-kb AvrIl
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Figure 4. Mapping of the kjk mutation and organization of the
KJK/AtCSLD3 gene. (A) KJK is located on the top of chromo-
some 3. Adjacent SSLP and CAPS markers with genetic dis-
tances are indicated. The number of recombinants identified
from a population of 200 mutant chromosomes is given above
the respective loci. The vertical bar indicates the region of chro-
mosome 3 containing the AtCSLD3 gene. The positions of BAC
and YAC clones spanning this region are indicated. The se-
quenced BACs are represented by filled rectangles. (B) The re-
striction map of the KJK/AtCSLD3 gene is aligned with a
graphical representation of the structure of the KJK/AtCSLD3
gene. Open boxes are exons (I to III, determinated from ¢cDNA)
and the gap between is introns. Shaded boxes indicate untrans-
lated sequences. ATG (start codon), TGA (stop codon) and Ara-
bidopsis ESTs showing identities with the gene are indicated.
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genomic fragment that includes the entire AtCSLD3
gene (Fig. 4B). Twelve independent primary transfor-
mants selected on kanamycin had a wild-type root hair
phenotype (data not shown). Examination of T, plants
showed the cosegregation of the kanamycin resistance
with the wild-type phenotype. This result provides firm
genetic evidence that the Kjk~ phenotype is caused by
mutation in the AtCSLD3 gene. This gene is hereafter
designated KOJAK/Arabidopsis thaliana cellulose syn-
thase-like protein D3 (KJK/AtCSLD3). Using the first
exon of KJK/AtCSLD3 as a probe on a Southern blot of
Ler genomic DNA, we showed that there is a single copy
of the gene per haploid genome (data not shown).

The KJK/AtCSLD3 cDNA was cloned by RACE PCR
(Frohman et al. 1988). One transcript was detected. The
KJK/AtCSLD3 cDNA is 3819 nucleotides long with an
open reading frame (ORF) of 1145 amino acids (Fig. 4B).
Translation was assumed to begin at nucleotide 249, the
first ATG codon of the open reading frame. Blast search-
ing (Altschul et al. 1997) the Stanford A. thaliana data-
base identified similar (99 % identical at nucleotide level)
expressed sequence tags from A. thaliana (Fig. 4B). Com-
parison of cDNA and genomic sequences revealed that
the KJK/AtCSLD3 gene has three introns, including one
in the 5'UTR (Fig. 4B).

KJK encodes a cellulose synthase-like protein

Analysis of the deduced amino acid sequence of KJK/
AtCSLD3 showed that it is a member of the D subfamily
of cellulose synthase-like (CSL) genes identified in A.
thaliana (Cutler and Somerville 1997). The KJK/AtC-
SLD3 amino acid sequence shares 64%-68% identity
and 76%-81% similarity with the other four CSLD
members (CSLD1, D2, D4, and D5; Fig. 5A). The KJK/
AtCSLD3 protein is similar in size to several cellulose
synthase catalytic subunit proteins (CESA). These in-
clude the Arabidopsis RSW1, ATHA, ATHB (Arioli et al.
1998), IRX3 (Taylor et al. 1999), and ARAXCELA (Wu et
al. 1998); the cotton CELA1 (GhCESAI; Pear et al. 1996);
and PtCESA2 from Populus tremuloides. The CSLD
family constitutes a distinct lincage among the CESA
and AtCSL proteins (Fig. 5B).

Alignment of sequences shows that several regions in
the KJK/AtCSLD3 protein are conserved in the plant
CESA and Arabidopsis CSLD proteins (Fig. 5A-C). KJK/
AtCSLD3 contains the four highly conserved subdo-
mains (U-1 through U-4) that characterize the processive
B-glycosyl transferases in plants and bacteria (Saxena et
al. 1995; Pear et al. 1996). These regions contain the
three conserved aspartate (D) residues and the QxxRW
motif that have been proposed to be involved in sub-
strate (UDP-glucose) binding and/or catalysis (Fig. 5A-
C). Surrounding these motifs, KJK/AtCSLD3 shares one
plant-specific, conserved region (P-CR) and one hyper-
variable region (HVR) with plant CESA proteins (Fig. 5C;
Pear et al. 1996; Arioli et al. 1998; Delmer 1999; Taylor
et al. 1999). However, KJK/AtCSLD3 has additional
amino acids in the P-CR domain (Fig. 5A). These addi-
tional amino acids are only found in the AtCSLD protein
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Figure 5. KJK encodes a cellulose synthase-like protein. (A)
Amino acids sequence of the KJK/AtCSLD3 protein. Conserved
residues (white letters) between Arabidopsis cellulose synthase-
like AtCSLD (AtCSLDI1, AtCSLD4, AtCSLD5) and CESA mem-
bers from Arabidopsis thaliana (ATHA, ATHB, RSW1, IRX3,
ARAXCELA), Populus tremuloides (PtCESA2) and Gossypium
hirsutum (GhCESA1). Additional amino acids present in AtC-
SLD subfamily are underlined and italicized. The position of the
cysteine-rich region (C in red), the eight presumed transmem-
brane segments (green upperlining), the conserved subdomains
Ul to U4 (red upperlining) that contain the three D residues and
the QxxRW (in red) signature are indicated. The position of the
three kjk mutations (amino acids Q!*!, R®%°, substituted by stop
codon in kjk-2 and kjk-1 alleles, respectively, and E®3°-K sub-
stitution in kjk-3) are indicated by an asterisk. (B) Schematic
representation of KJK/AtCSLD3 structure. Shaded boxes repre-
sent conserved sequences. The cysteine-rich region, the Ul to
U2 subdomains, the plant-specific and conserved region (P-CR),
and the plant hypervariable region (HVR) are indicated. (C) Re-
lationship tree of CESA and AtCSL subfamilies (A, B, D, and G)
products. Agrobacterium tumefaciens CELA (AgtCESA1) was
used to root the tree.

subfamily. The region close to the N terminus contains
a cysteine-rich region (Fig. 5A-C), which has been sug-
gested to form a zinc finger-binding domain involved in
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protein—protein interactions (Delmer 1999). This motif
is also present in CESA cellulose synthases (Pear et al.
1996; Arioli et al. 1998; Taylor et al. 1999) but is located
closer to the N-terminal region. Therefore, KJK/AtC-
SLDa3 is likely to be involved in the synthesis of cellulose
or other related B-glycans (Cutler and Somerville 1997).

Molecular analysis of the kjk mutant alleles

To define the molecular basis for the kjk mutations, the
genomic DNA sequence of the three kjk mutant alleles
was determined. We identified a single mutation in each
of the mutant alleles. kjk-1 has a C to T transition,
which results in the introduction of a stop codon in place
of the arginine (R) at position 889 in the conserved
QxxRW motif (Fig. 5A-C). kjk-2 has a stop codon in
place of the glutamine (Q) at position 121, which is pre-
dicted to cause premature termination of translation.
kjk-2 is a putative complete loss of function mutation.
kjk-3 has a G to A transition, resulting in a change of a
glutamic acid (E) to a lysine (K) at position 830 close to
the conserved U3 segment (Fig. 5A-C).

KJK encodes a membrane protein located
in the endoplasmic reticulum

Analysis of peptide structure and hydrophobicity pre-
dicted that KJK/AtCSLD3 has eight membrane-spanning
domains. Two transmembrane segments are located be-
tween residues 292-312 and 319-335, and six further
transmembrane segments are detected in the C-terminal
region between residues 926 and 1129 (Fig. 5A-C). KJK/
AtCSLD3 has no obvious N-terminal signal sequence.
These data suggest that KJK/AtCSLD3 is a membrane
protein anchored to the plasma membrane, as predicted
for a cellulose synthase catalytic subunit, or to a mem-
brane in the endomembrane system. Subcellular local-
ization of KJK/AtCSLD3 protein was determined in vivo
using a translational fusion between KJK/AtCSLD3 and
the green fluorescent protein 4 (GFP4). The KJK/
AtCSLD3::mGFP4 construct under the control of the
constitutive 35S promoter was delivered into Nicotiana
benthamiana leaf cells by a transient Agrobacterium in-
filtration assay. All infiltrated epidermal cells showed
that the KJK/AtCSLD3-GFP4 fusion protein was present
in the endoplasmic reticulum that is located in the thin
layer of cytoplasm between the plasma membrane and
the vacuole (Fig. 6A-D). No KJK/AtCSLD3-GFP4 was
detected in the plasma membrane, but it is possible that
small amounts were present that we were unable to de-
tect. The KJK/AtCSLD3-GFP4 fusion protein was ex-
cluded from vacuoles, organelles, and nucleus, and no
free cytoplasmic fluorescence was detected. A similar
subcellular distribution was observed in cells that were
transformed with a GFP4 that is targeted specifically to
the endoplasmic reticulum (ER-GFP4; Fig. 6E), as de-
scribed previously (Haseloff et al. 1995). Cells trans-
formed with GFP4 alone, which is located in the cyto-
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Figure 6. Subcellular localization of the KJK/AtCSLD3 protein using GFP. Tobacco epidermis was infiltrated with Agrobacterium
tumefaciens containing a binary vector with the 35S promoter and GFP fusion. (A-D) Confocal sections of transformed epidermal cells.
KJK/AtCSLD3-GFP fusion protein is located in the endoplasmic reticulum (ER) (A). Successive 1-um confocal sections (B,C,D) show
that GFP fluorescence is located in the endoplasmic reticulum (arrows). A similar subcellular distribution was observed with the
control ER-targeted GFP (E). The cytoplasmic GFP is distributed throughout the cytoplasm (arrow) restricted between the vacuole and

the cell wall (F). (ER) Endoplasmic reticulum; (n) nucleus.

plasm and the nucleus, are shown for comparison (Fig.
6F). These data suggest that KJK/AtCSLD3 is located in
the ER membrane.

Expression pattern of KJK

Steady-state levels of KJK/AtCSLD3 mRNA were exam-
ined by Northern blot and RT-PCR analysis. Northern
blot analysis failed to detect KJK/AtCSLD3 transcripts.
In contrast, RT-PCR showed that this gene is expressed
throughout the wild-type plant. Signal was detected in
leaves, roots, stems, and inflorescences (Fig. 7A). KJK/
AtCSLD3 gene expression was also characterized in mu-
tants homozygous for the three alleles to examine the
effect of these mutations on KJK/AtCSLD3 mRNA ac-
cumulation. A dramatic reduction in the abundance of
the transcript was detected in seedlings homozygous for
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the kjk-2 allele (data not shown). Wild-type levels of
KJK/AtCSLD3 mRNA were observed in seedlings homo-
zygous for kjk-1 and kjk-3, which implies that these mu-
tations alter KJK/AtCSLD3 protein function but not
KJK/AtCSLD3 transcript synthesis or stability.

To determine the cells in which KJK/AtCSLD3 is ex-
pressed, the KJK/AtCSLD3 gene and its native promoter
were fused to the endoplasmic reticulum targeted-
GFP2.5 (ERGFP2.5). Images of roots from transformed
wild-type plants showed that KJK/AtCSLD3-ERGFP2.5
fusion is preferentially expressed in the root hair cells
(Fig. 7B,C). KJK/AtCSLD3 expression is first detected in
cells at the early stages of root hair growth—during the
formation of the bulge—and continues to be expressed in
growing root hairs. KJK/AtCSLD3 is occasionally ex-
pressed at much lower levels in non-root hair epidermal
cells (Fig. 7C) and in lateral root cap cells (data not
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Figure 7. Analysis of KJK/AtCSLD3 expression. (A) RT-PCR
analysis of KJK/AtCSLD3. Total RNA was isolated from roots
(R), leaves (L), inflorescences (I), and inflorescence stems (S) of
wild-type plants. Wild-type genomic DNA (G) was used as con-
trol. (B-D) Projections of confocal images of a 5-d-old wild-type
seedling transformed with KJK/AtCSLD3::GFP. GFP fluores-
cence is detected preferentially in root hair cells (arrowheads)
(B). Weak KJK/AtCSLD3 expression is visualized in the nonhair
epidermal cells (C). No expression was detected in cortical cells
(D).

shown). No expression was observed in the cortical or
endodermal cells (Fig. 7D) or vascular cylinder (data not
shown). No GFP fluorescence was detected in the shoot
meristem, cotyledons, or leaves of young seedlings, in-
dicating that KJK/AtCSLD3 is not expressed at this stage
of shoot development (infloresencences were not exam-
ined in this study). Thus, KJK/AtCSLD3 is preferentially
expressed in growing root hair cells in the root, consis-
tent with its requirement in root hair cell expansion.
The KJK/AtCSLD3-ERGFP2.5 construct did not comple-
ment the Kjk™ phenotype when transformed into plants
homozygous for the kjk mutation. This is not unex-
pected, as the GFP2.5 is itself targeted to the ER and may
therefore have altered the topology or function of the
KJK/AtCSLD3 protein.

Discussion

A screen for cell wall mutants in A. thaliana using a root
hair rupture phenotype led to the isolation of three re-
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cessive alleles in the KJK gene. KJK was cloned and found
to encode a cellulose synthase-like protein, KJK/AtC-
SLD3, required for the formation of an intact cell wall
during root hair morphogenesis. This is the first report of
the isolation and characterization of a cellulose syn-
thase-like protein involved in wall formation during root
hair morphogenesis. KJK/AtCSLD3 is one of a battery of
effector genes that are likely to be targets of the tran-
scription factor cascade that has been shown to be in-
volved in the specification of cell identity in the root
epidermis (Lee and Schiefelbein 1999). Other targets of
these transcriptional regulators will be involved in the
cellular functions required for the growth and shaping of
the root hair cell.

KJK gene is required for root hair cell morphogenesis

One of the earliest stages of root hair growth is the for-
mation of a bulge on the outer face of the trichoblast
from which a tip growing root hair emerges. In plants
homozygous for each of the three kjk mutations, root
hairs initiate in the correct position on the trichoblast
but tip growth is not established. Instead, the bulge con-
tinues to expand slowly and eventually ruptures. DCB, a
cellulose synthase inhibitor, which also causes hair cell
rupture, phenocopies this mutation. This suggests that
hairs of plants homozygous for kjk mutations have a
localized cell wall defect resulting in the formation of a
weakened wall. KJK/AtCSLD3 is required at or before
the establishment of tip growth for the maintenance of
the integrity of the cell wall, and in the absence of KJK/
AtCSLDS3 activity, the cell wall cannot withstand the
internal pressure of the growing protoplast.

KJK acts early in the temporal sequence of hair growth

A number of other genes required for root hair morpho-
genesis have been described in Arabidopsis. Only RHL1
and RHD3 have been cloned. RHLI encodes a nuclear
protein of unknown function (Schneider et al. 1998), and
RHD3 encodes a G-protein of unknown function (Wang
et al. 1997). The Kjk™ phenotype indicates that KJK/AtC-
SLD3 acts early in the temporal sequence of hair growth.
kjk is epistatic to cowl, suggesting that these genes act
in the same pathway. Alternatively, KJK/AtCSLD3 ac-
tivity may be needed before COW1 activity is required
during hair growth. KJK/AtCSLD3 and RHD2 genes are
both required at the same stage of development for the
transition from swelling formation to tip-growth. RHD2
is required for the formation of the Ca*" gradient, al-
though it is as yet unclear what RHD2 encodes (Bibikova
et al. 1998). The intermediate phenotype of the double
mutants with root hair morphogenesis mutants rhdl,
rhd3, rhd4, and tipl suggests that KJK/AtCSLD3 acts
independently of these genes. It is probable that these
genes act independently at the same stage of hair elon-
gation. Interestingly, these mutations suppress cell rup-
ture of root hairs in double mutants. The slow growth
rate of these mutant root hairs may decrease the expan-
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sive pressure on the cell wall of kjk hairs and thereby
suppress the rupturing. It is nevertheless formally pos-
sible that the respective gene products interact directly
in the developing root hair cell.

KJK is a member of the cellulose synthase-like family

The sequence of KJK/AtCSLD3 indicates that it encodes
a protein similar to processive B-glycosyltransferases
that catalyze the transfer of multiple sugar residues from
an activated donor substrate to an acceptor molecule.
KJK/AtCSLD3 is a member of a multigene family in Ara-
bidopsis that is similar to the catalytic subunit respon-
sible for the synthesis of cellulose (CESA; Cutler and
Somerville 1997). More than 40 members have been
identified in the Arabidopsis genome. These cellulose
synthase-like (CSL) genes were classified into five sub-
families: AtCSLA, AtCSLB, AtCSLD, AtCSLE, and AtC-
SLG. The hydrophobicity plots of CESA and CSL mem-
bers predict a structure that is generally similar for each
with a number of membrane-spanning domains and
highly conserved subdomains U-1 through U-4, which
are proposed to be involved in substrate (UDP-glucose)
binding and/or catalysis.

We identified mutations in the KJK/AtCSLD3 se-
quence in each of the different alleles. Plants homozy-
gous for each of the kjk alleles have indistinguishable
root hair phenotypes. kjk-1 and kjk-2 are predicted to
encode truncated proteins. kjk-2 has a stop codon near
the N terminus and low levels of expression indicating
that it is a complete loss of function allele. The U-4
conserved subdomain and the six C terminus transmem-
brane domains that are missing in kjk-1 are therefore
essential for function. The missense mutation represent-
ing change in one amino acid was found in kjk-3, dem-
onstrating a functional role for this residue (E®3°).

Plant CESA homologs were first identified from devel-
oping cotton fibers (Pear et al. 1996). However, the proof
of function in vivo of plant CESA genes was established
recently by the characterization of two Arabidopsis mu-
tants defective in cellulose deposition. The temperature-
sensitive mutant radial swelling1 (rsw1) has a reduction
in cellulose content, an accumulation of noncrystalline
B-1,4-glucan, and morphological abnormalities (Arioli et
al. 1998). The irregular xylem3 (irx3) mutant has col-
lapsed xylem vessels and decreased cellulose content in
inflorescence stems (Turner and Somerville 1997; Taylor
et al. 1999).

KJK/AtCSLD3 is located in the endoplasmic reticulum

The primary structure of KJK/AtCSLD3 predicts that it
is a membrane protein located in the endomembrane
system or plasma membrane. Expression of KJK/AtC-
SLD3 fused to GFP indicated that KJK/AtCSLD3 is lo-
cated in the endoplasmic reticulum. The endoplasmic
reticulum plays a central role in the biosynthesis of the
macromolecules. Many lipids, glycoproteins, and poly-
saccharides originate in the endoplasmic reticulum and
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are progressively modified as they move via the Golgi to
the plasma membrane. However, we cannot entirely rule
out the possibility that low levels of KJK/AtCSLD3 are
also present in the plasma membrane or in the Golgi
apparatus, which is known to contain glycosyltransfer-
ase activities. We are currently generating antibodies to
the KJK/AtCSLD3 protein to further characterize it’s
subcellular distribution.

Role of KJK/AtCSLD3 in wall biosynthesis of the root
hair cell

KJK/AtCSLD3 mRNA preferentially accumulates in
growing root hair cells and consequently may be in-
volved in cell type-specific B-glucan synthesis. This
early and localized expression in the root hair cell is
consistent with the mutant phenotype and with the pro-
posed role for KJK/AtCSLD3 in the establishment of the
growth of the hair. The plant primary cell wall is com-
posed of a network cellulose microfibrils embedded in a
Golgi-derived matrix of hemicellulose, pectins, and pro-
teins. Hemicellulose, pectin, and proteins are processed
in the endomembrane system secreted into incipient cell
plate and subsequently into the cell wall proper. In con-
trast, cellulose microfibrils are synthesized in terminal
complexes at the plasma membrane (Brown et al. 1996;
Kimura et al. 1999).

Whereas KJK/AtCSLD3 is similar to CESA and there-
fore may be involved in cellulose biosynthesis, its sub-
cellular localization in the endoplasmic reticulum sug-
gests that AtCSLD3 functions in the biosynthesis of
other polysaccharides. These include B-xylans, man-
nans, or the backbone of xyloglucan (Cutler and Somer-
ville 1997; Carpita and Vergara 1998; Delmer 1999). The
biochemical analysis of the cell wall of kjk roots will
allow the elucidation of the precise function of KJK/AtC-
SLD3 in the biosynthesis of the cell wall. It is to be
anticipated that a defect in KJK/AtCSLD3 will result in
a wall with an altered composition, structure, and rheo-
logical properties. Unfortunately, the cell-specific phe-
notype of plants homozygous for kjk mutations makes
the analysis of the biochemical defect in the wall of mu-
tants difficult. Future experiments in which KJK/AtC-
SLD3 is mis- or overexpressed may obviate this problem
and identify the precise biochemical function of KJK/
AtCSLDa3.

Does KJK/AtCSLD3 play a role in morphogenesis
of other cell types!?

The visible kjk phenotype is restricted to the root hairs.
No pleiotropic defects in plant stature have been ob-
served in kjk mutants as described previously for a num-
ber of other mutants with defective root hair growth.
Plants homozygous for tipl and rhd3 mutations are
smaller than wild type, and tipI pollen growth is defec-
tive (Ryan et al. 1998; Schneider et al. 1998). This sug-
gests that KJK, unlike many of the genes involved in root
hair growth, is not required for the growth of other cells



throughout the plant. However, its expression in the
shoot suggests that it is likely to be involved in the for-
mation of complex polysaccharides in other cell types.
The absence of shoot phenotypes in kjk mutants may be
because of a compensation of its function in regular cell
growth by other pathways or by redundancy of gene
function.

Materials and methods

Plant materials and growth conditions

Seeds were grown on a 1:1 potting compost (John Innes No.
1):peat moss mix at 20°C with a 12-h day. For root hair obser-
vations, seeds were surface-sterilized for 5 min in 5% sodium
hypochlorite and thoroughly rinsed in sterile distilled water.
Seeds were placed on the surface of 0.5% phytagel (Sigma) solid
medium containing 1% sucrose and MS salts at pH 5.8. Seeds
were stratified at 4°C for 48 h in darkness and incubated at 24°C
under continuous illumination. Plates were inclined at an angle
of 60° to allow the roots to grow along the surface.

Mutant screening and genetic analysis

Arabidopsis thaliana (L.) Heyn. lines used in these experiments
were derived from the Landsberg erecta (Ler) and Columbia
(Col) backgrounds. Seeds from a Ds transposon-mutagenized M,,
population (Bancroft et al. 1992) and an EMS M, population
were plated on solid medium in Petri dishes, grown for 3-4 d,
and screened for root hair mutant phenotypes. Putative mutants
were transplanted and grown to maturity. M, seeds were plated
on solid media in Petri dishes, seedlings were rescreened, and
true breeding lines were maintained. Mutants were backcrossed
to the wild type for four generations to eliminate other muta-
tions from the background. For complementation tests and
double mutant analysis, kjk was crossed to homozygous root
hair mutants (rhd1-1, rhd2-1, rhd3-1, rhd4-1, rthd6-1, cowl-1,
and tip1-2). The heterozygous F, families from each cross were
scored and selfed and the F, populations were examined for
putative double-mutant phenotypes. Putative double mutants
were verified by in a backcross to both parents (testcross). rhd1,
rhd2, rhd3, rhd4, and rhd6 lines were kindly provided by John
Schiefelbein, University of Michigan, Ann Arbor.

Analysis of root morphology and GFP imaging

Photographs of plants grown on phytagel medium were made
using an Olympus SZH10 and a Wild M10 stereomicroscope.
For cryo-scanning electron microscopy, plants were grown on
phytagel medium and 3-5-d-old seedlings were placed on moist
nitrocellulose paper mounted on a stub and immersed in liquid
nitrogen slush. Roots were transferred to a cold stage. After
removal of water by sublimation, roots were sputter coated with
gold and observed using a JEOL Scanning Electron Microscope
at -147°C. Roots were stained with 10 mg/mL propidium io-
dide and observed with a microscope Bio-Rad MRC 1024 or
Leica TCS SP confocal laser scanning. A Leica TCS SP confocal
laser scanning microscope was used to image GFP in trans-
formed Arabidopsis and tobacco plants.

Genetic mapping

The kjk-1 in the Landsberg erecta background was mapped in a
cross to the wild-type Columbia strain. The F, population pro-
duced by selfing F, individuals was screened for Kjk~ phenotype.

KOJAK is required for root hair morphogenesis

Simple sequence-length polymorphism (SSLP) (Bell and Ecker
1994) and cleaved amplified polymorphic sequences (CAPS)
(Konieczny and Ausubel 1993) markers were used for mapping.
DNA samples for the SSLP and CAPS mapping were prepared
from single leaves of mutant F, plants (Doyle and Doyle 1990).
All amplifications and restriction enzyme digestion of the re-
sulting PCR products were performed as described previously
(Konieczny and Ausubel 1993; Bell and Ecker 1994). The follow-
ing primers and restriction enzymes were used: ngal72, forward
primer 5'-AGCTGCTTCCTTATAGCGTCC-3’ and reverse
primer 5'-CATCCGAATGCCATTGTTC-3'; 17D8LE, forward
primer 5'-CTCCTTTGTCATCTCCCGAATC-3' and reverse
primer 5'-CCAACAACATGCATGATAGTTCAG-3’ and poly-
morphism revealed by Hincll; GAPC, forward primer 5'-CTGT
TATCGTTAGGATTCGG-3" reverse primer 5'-ACGGAAA
GACATTCCAGTC-3’, and polymorphism revealed by EcoRV;
CSL, forward primer 5-GAGACTAGTGGGACTTACGGTT
TC-3' and reverse primer 5-CTCACGCTTCACCCGTCTT
CG-3’ and polymorphism revealed by Taql.

Sequencing of mutant alleles

To sequence the kjk alleles, we amplified the KJK/AtCSLD3
coding regions from wild-type and mutant plant tissues by PCR
using a mix of Taq (GIBCO BRL) and Pwo polymerase (Boe-
hringer Mannheim). The amplification condition were as fol-
lows: 3 min at 94°C, followed by 25 cycles of 30 sec at 94°C, 30
sec at 55°C, 1 min at 72°C, and a final extension at 72°C for 10
min. PCR products were used directly for sequencing. The al-
terations in sequence were verified by independent PCR ampli-
fications. Nucleotide sequences were determined using the
Ready Reaction ABI sequencing kit mix (Perkin Elmer).

Southern blot and Northern blot analysis

For Southern blot analysis, genomic DNA was isolated from
4-wk-old plants grown in vitro (Doyle and Doyle 1990). South-
ern blots were done using 5 pg of genomic DNA (Sambrook et
al. 1989). For RNA analysis on wild-type and kjk mutants, total
RNAs from leaves, roots, stems, and inflorescences were iso-
lated using RNeasy Plant Minikit (Qiagen). For Northern blot
analysis, RNA samples were separated in a formaldehyde con-
taining agarose gel, blotted, and hybridized (Sambrook et al.
1989).

RACE and RT-PCR analysis

The 5’ and 3’ end of the AtCSLD3 ¢cDNA was obtained by RACE
PCR (GIBCO BRL) with total RNA from the wild-type A.
thaliana ecotype Ler (Frohman et al. 1988). The primers CS4
5'-CACGGTCTGCTCATCAGATCCTGC-3" and nested CS2
5"-CATCACCTTGACATCACAACCAG-3' were used for 5’
RACE and primers CS9 5-CGTTGGAATCTACCCGTTCA
CATC-3' and CS11 5'-GTGTGATTCCGCAGTGGAGTAA
GT-3’ for 3’ RACE. The cDNA was also amplified with CS1
5'-GCTACAAAGTCCGGTGGATAGTGTT-3' and CS12 5'-
CTTGGCCAATCTCTGTCTCCATCTT-3'. PCR products were
cloned in pGEM-T vector (Promega) and sequenced. For RT-
PCR analysis, total RNAs were reverse transcribed with the
oligo(dT) primer and were used as templates for PCR amplifi-
cation. PCR reactions used CSL forward and reverse primers
(see above) according to the following temperature profile (30
cycles): 94°C, 30 sec; 55°C, 30 sec; 72°C, 1 min. These primers
produce a 740-bp fragment when cDNA is used as template and
an 818-bp fragment when the genomic DNA is used.
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Constructs and plant transformation

For the complementation of kjk mutation, a 7.2-kb AvrIl frag-
ment of the genomic DNA containing the KJK/AtCSLD3 gene,
its promoter, and its terminator was cloned into the
pGreen0029 vector (Roger et al. 2000). DNA was isolated from
BAC clone T17B22 (accession no. ATAC012328) by the alkaline
method and its integrity confirmed by Southern blot analysis
with probes from the KJK/AtCSLD3 interval. This construct
was introduced into Agrobacterium tumefaciens strain
GV3101. The resulting strain was used to transform homozy-
gous kjk mutant or Ler plants by vacuum infiltration (Bechtold
et al. 1993). Primary transformants were selected on MS me-
dium containing 50 mg/L kanamycin and transferred to soil.
Plants were grown to maturity and allowed to self.

Expression pattern of KJK

To identify in which cells KJK/AtCSLD3 is expressed, the 5.0-
kb Avrll-Asel fragment containing the KJK/AtCSLD3 gene and
its promoter was fused in frame to an ER targeted GFP2.5-
nopaline synthase terminator cassette in pGreen0229 (Roger et
al. 2000). The construct was introduced into wild-type Arabi-
dopsis as described above. The endoplasmic reticulum targeted
GFP2.5 facilitates imaging cell-specific patterns, which can be
problematic when using cytoplasmic GFPs. As a negative con-
trol, the promoterless GFP construct in pGreen 0229 was used.

Subcellular localization and Agrobacterium infiltration

For the subcellular localization of the KJK/AtCSLD3 protein, a
3.8-kb SspI-Asel fragment of the KJK/AtCSLD3 gene was fused
in frame to a cytosolic mGFP4 (Haseloff et al. 1995)—35S ter-
minator cassette under the control of the 35S promoter in
pGreen029 vector. We used the 35S CaMV promoter to control
expression of the KJK/AtCSLD3::GFP4 fusion protein because it
allows examination of the subcellular localization of the fusion
in the large epidermal cells of tobacco. As controls, a cytosolic
and an ER-targeted GFP4 under the control of the CaMV35S
promoter were used. These constructs were introduced into A.
tumefaciens strain GV3101. Infiltration of Agrobacterium into
N. benthamiana was carried out as described (Voinnet and Baul-
combe 1997).

Sequence analysis

The BLAST search program (Altschul et al. 1997) was used for
sequence analysis and comparisons in the Genbank, EMBL, and
swissProt databases at the National Center for Biotechnology
Information (http://www.ncbi.nlm.nih.gov) and in the Arabi-
dopsis Information Resource (TAIR) (http://www.arabidopsis.
org/blast). For protein structure prediction, the following
servers were used: TMHMM 1.0 (http://www.cbs.dtu.dk/
services/TMHMM-1.0), TMDAS Transmembrane Prediction
Server (http://www.biokemi.su.se/server/DAS/; Cserzo et al.
1997), TopPred (http://www.sbc.su.se/~erikw/toppred2; von
Heijne 1992), PSort (http://psort.nibb.ac.jp), and DNA Strider
1.2 software. Multiple sequence alignments and the relation-
ship tree were done with CLUSTAL W. All the sequences of the
cellulose synthase homologs were retrieved from C. Somerville
and T. Richmond’s server (http://cellwall.stanford.edu/cell-
wall).

Accession number

The sequence data of the A. thaliana cellulose synthase-like
KJK/AtCSLD3 ¢cDNA has been submitted to the DDBJ/EMBL/
Genbank databases under accession no. AF232907.
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